Human congenital heart disease linked to mutations in the homeobox transcription factor, NKX2-5, is characterized by cardiac anomalies, including atrial and ventricular septal defects as well as conduction and occasional defects in contractility. In the mouse, homozygous germline deletion of Nkx2-5 gene results in death around E10.5. It is, however, not established whether Nkx2-5 is necessary for cardiac development beyond this embryonic stage. Because human NKX2-5 mutations are related to septum secundum type atrial septal defects (ASD), we hypothesized that Nkx2-5 deficiency during the processes of septum secundum formation may cause cardiac anomalies; thus, we analysed mice with tamoxifen-inducible Nkx2-5 ablation beginning at E12.5 when the septum secundum starts to develop.
Introduction
Congenital heart defects are the most prevalent malformations in the foetal and neonatal period, affecting 1% of live births. 1, 2 While the aetiology of most defects remains unknown, a number of genetic and environmental factors have been determined to be involved in a subset of congenital abnormalities. 3 One gene identified to be associated with congenital heart disease is the homeobox transcription factor, NKX2-5. Heterozygous NKX2-5 mutations cause a spectrum of cardiac anomalies, including atrial septal defects (ASD), ventricular septal defects (VSD), and Tetralogy of Fallot, with 80% penetrance in ASD and/or VSD as well as nearly complete penetrance of postnatal progressive conduction defects and occasional left ventricular dysfunction. 4 -7 Nkx2-5 is highly conserved among species and is one of the earliest cardiogenic markers with expression continuing throughout adulthood. 8 -12 Germline-targeted disruption of Nkx2-5 in mice causes embryonic lethality around embryonic (E) Day 10.5 with retarded cardiac development. 13, 14 Previous studies using mice with homozygous deletion of floxed-Nkx2-5 alleles using Cre-recombinase under the control of myosin light chain 2v (ventricular isoform), in which Nkx2-5 is ablated in cells committed to ventricular cardiomyocytes after around E8.0, did not demonstrate cardiac structural anomalies. 15 These mice survive to adulthood and demonstrate conduction defects and cardiac hypertrophy. Multiple heterozygous Nkx2-5 knockout mouse lines have been analysed and demonstrate substantially different disease penetrance and severity with the reported incidence of ASD between 1 and 18%. 16 -19 This is likely due to different targeting strategies, mouse genetic backgrounds, and analytical methodologies. To explain mechanisms of the cardiac defects related to Nkx2-5, further investigation of animal models that demonstrate cardiac defects similar to those seen in human patients are valuable. The atrial septum is a complex structure that, in the late foetal and postnatal hearts, consists of two components: a septum primum and a septum secundum. 20 Before birth, a functional opening in the atrial septum, the foramen ovale, is essential for a right-left shunt in the atria. After birth, however, as the lungs become operational and the pulmonary circulation is established, the foramen ovale normally closes as a result of changes in the relative pressure in two atrial chambers. Abnormal formation of components of the atrial septum can result in ASD. In the mouse, septum primum starts to develop at E10.0 and septum secundum starts to grow at E12.5. 21 Because human NKX2-5 mutations are related to septum secundum type ASD, we hypothesized that Nkx2-5 deficiency during the processes of septum secundum formation may cause cardiac anomalies. Mice with tamoxifen-inducible Nkx2-5 deficiency beginning at E12.5 indeed demonstrate abnormal morphology of septum secundum resulting in an enlarged foramen ovale, contraction and conduction abnormalities, and death by E17.5. These results indicate that Nkx2-5 is necessary for survival after mid-embryonic stage for cardiac function and formation of the four-chamber heart by regulating the expression of its downstream target genes.
Methods
For details on methods, see Supplementary material online.
Inducible Nkx2-5 knockout mice
Floxed-Nkx2-5 mice 15 were bred with transgenic mice carrying the Cre-ER TM gene under the control of cytomegalovirus (CMV) promoter. 22 Details of mouse generation and experimental were described previously. 23 To delete the floxed-Nkx2-5 gene, tamoxifen (0.1 mg/g body weight, ip) was injected once or 2 consecutive days into pregnant mice at noon at E12.5. Embryonic staging was determined by standard methods counting the morning on which the vaginal plug was found as E0.5. Embryos were analysed 4 days later around noon, and analyses were completed within 2 h. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85 -23, revised 1996). All animal care protocols fully conformed to the Association for the Assessment and Accreditation of Laboratory Animal Care, with approval from the University of Florida Institutional Animal Care and Use Committee.
Histological analysis and western blotting
X-gal staining of frozen sections was performed according to the standard protocol. 24 Immunostaining and western blotting were performed with the primary antibodies or cell death detection system listed in the Supplementary material online. Acetylcholine esterase (AchE) staining in frozen tissue sections was performed as described previously 25 with some modifications (see Supplementary material online). Fluorescent microscopic images were obtained using ZEISS Axiovert200M, and diaminobenzidine-stained tissue section images were obtained using Nikon Eclipse 50i attached to a charge-coupled device (CCD) camera. Digitalized images were utilized for measurement using Image J software.
Ultrasound imaging
B-and M-mode ultrasound imaging of foetal hearts was performed on pregnant mice anaesthetized with isoflurane (1 -1.5%) using an ultrasound biomicroscope with a 35 MHz transducer (VisualSonics, Toronto, Canada). The pregnant mice were placed on a platform maintained at 378C, with a heart rate between 348 and 448 b.p.m. Mice with litter sizes ,6 were utilized for echocardiography, which was identified by initial ultrasound scanning. Foetal heart rate was obtained from M-mode imaging of ventricular contraction (number of heart beats/time). Ventricular wall thickness, distance of ventricular cavities, and area size were determined by two-dimensional imaging of both end-diastole and end-systole.
Cardiac three-dimensional reconstruction
We followed the methodology described previously 26 with minor modifications. Paraffin-embedded tissues sections (5 mm thickness) were stained with haematoxylin-eosin and digitalized with a CCD camera (QImaging, Micropublisher, BC Canada) attached to Nikon SMZ800 microscope. The images were processed from 24 to 8 bits followed by alignment, labelling, and surface smoothing using the Amira program (Visage Imaging, Inc. San Diego, CA, USA, version 5.3).
Real-time reverse transcriptasepolymerase chain reaction
Real-time reverse transcriptase-polymerase chain reaction (RT -PCR) was performed using inventoried Taqman Gene Expression Assays listed in the Supplementary material online (Applied Biosystems). Duplicate experiments were averaged.
Simultaneous recording of cardiac contraction and Ca 21
Cardiomyocytes isolated from E15.5 embryonic hearts were studied for simultaneous measurements of cardiomyocyte contraction and Ca 2+ measurement as described previously. 27 
Statistical analysis
Values among groups were compared using ANOVA and Fisher's protected least significant difference post hoc test (StatView version 5.01). P , 0.05 was considered significant.
Results
3.1 Inducible Nkx2-5 ablation by tamoxifen injection beginning at E12.5 results in death by E17.5
With respect to the pathogenesis of human congenital cardiac disease associated with human NKX2-5 mutations, the role of Nkx2-5 during embryonic stages in cardiac morphogenesis remains to be elucidated. To examine embryonic stage-specific effects of Nkx2-5, tamoxifeninducible Nkx2-5 knockout mice 23 were analysed with several lines of control mice. This study focuses on Nkx2-5 ablation beginning at E12.5 when the septum secundum starts to grow, 21 in which defects are observed in human NKX2-5 mutations.
To avoid the effects of maternal cardiac dysfunction during pregnancy due to the loss of Nkx2-5, 28 tamoxifen was injected into pregnant females (flox/flox) mated with male (flox/flox/Cre) mice. All Nkx2-5-ablated embryos were alive at E16.5. However, at E17.5, no living embryos were observed ( Figure 1A) , indicating that the loss of Nkx2-5 causes death within 5 days after tamoxifen injection. These effects are specific for Nkx2-5 ablation in the presence of Cre-recombinase and tamoxifen injection, and were not demonstrated in control embryos after tamoxifen injection (E17.5 flox/flox n ¼ 8, or wild/wild/Cre n ¼ 3). Death by E17.5 after tamoxifen injection at E12.5 is specific: when tamoxifen is injected at E10.5 (2 days earlier), flox/flox/Cre embryos were found dead at E14.5 with slightly shorter crown-rump length than that of flox/flox embryos (Supplementary material online, Figure S1 ), whereas tamoxifen injection at E13.5 (1 day later) extends survival until shortly after birth (18 alive in a total of 22 flox/flox/Cre mice at E19.5 by Caesarean section). Western blotting demonstrated that Nkx2-5 protein expression was not changed in flox/flox/Cre hearts at 6 h (E12.75), but was markedly reduced 12 h after tamoxifen injection (E13; ≈88% reduction in flox/flox/Cre vs. flox/flox), and was below the level of detection 24 h after tamoxifen injection (E13.5; Figure 1B ). E16.5 b-galactosidase expression in R26R reporter mice with heterozygous Cre-ER TM after tamoxifen injection demonstrates that Cre-recombinase activity occurs throughout the heart, including atria, ventricles, endocardial cushions, valves, and right and left outflow tracts ( Figure 1C -I ) . In 99.5% of isolated sarcomeric actininpositive ventricular cardiomyocytes, Nkx2-5 expression was below the level of detection (Nkx2-5 positive nuclei n ¼ 13 in total nuclei n ¼ 2470). These results indicate that Nkx2-5 expression in the hearts was globally and almost completely eliminated shortly after tamoxifen injection. Of note, this knockout model is stagespecific rather than cardiomyocyte-specific deletion of Nkx2-5 using heterozygous Cre-ER TM transgene under the control of the CMV enhancer and the chicken b-globin promoter. 22 3.2 Abnormal cardiac rhythm and contraction in Nkx2-5 knockout embryos E16.5 Nkx2-5 knockout embryos were oedematous with accumulation of fluid in subcutaneous regions, which is often associated with heart failure in embryos ( Figure 2A ). E16.5 crown-rump length is comparable between flox/flox vs. flox/flox/Cre embryos, suggesting that Nkx2-5 deficiency does not affect the overall growth by E16.5 and that disease progression leading to death is rapid ( Figure 2B ).
In utero echocardiography demonstrates reduced cardiac contraction in Nkx2-5 knockout embryos ( Figure 2C , and Table 1 ). In addition, irregular ventricular contraction, reduced heart rate (averaged), and dissociation of atrio-ventricular (AV) contraction were demonstrated in these embryos ( Figure 2C , Table 1 , and Supplementary material online, Movies). Whether irregular ventricular contractions are only due to AV block remain to be clarified by ECG recordings obtained from embryos in utero. 
Thin ventricular wall and septum defects in Nkx2-5-ablated embryos
Histological examination was performed using serial transverse tissue sections (5 mm thickness; E16.5, flox/flox n ¼ 11, flox/flox/Cre n ¼ 8). Consistent with physiological analyses, Nkx2-5-ablated hearts were enlarged and were characterized by a thinner outer cardiac layer (compact layer) in the left ventricular free wall ( Figure 3A and C vs. B and D). Large VSDs (.145 mm, 29 sections) were found in 38% of the flox/flox/Cre mice (n ¼ 3 in 8 embryos), while small membranous VSDs were found in 27% of flox/flox mice (n ¼ 3 in 11 embryos; Figure 3A , E, G vs. B, F, H). Small membranous VSD observed in flox/ flox embryos could be due to a modification of the Nkx2-5 alleles during insertion of loxP sites in intronic and 3' non-coding sequences. In our previous study using neonatal hearts, Nkx2-5 mRNA expression was slightly higher in flox/flox mice compared with wild-type littermates. 23 Right and left ventricular outflow tracts were comparable between flox/flox vs. flox/flox/Cre embryos ( Figure 3I , K, M, O vs. J, L, N, P).
Representative tissue sections of septum secundum demonstrate that the anterior/frontal part of septum secundum consists of a continuous thick muscular structure, followed by the appearance of a gap in the middle of the septum (foramen ovale; Figure 4A and B vs. F and G). The posterior/dorsal part of the foramen ovale is covered by septum primum (Figure 4E and J ) , which is located slightly to the left of the septum secundum. 21, 29 In control flox/flox heart, the Ablation of Nkx2-5 at mid-embryonic stage distance from the opening to the closure by septum primum is 60 mm (12 serial sections). In Nkx2-5-ablated heart, it was increased to 200 mm, and the protrusion of the septum secundum both from the atrial roof (superior/cranial) and endocardial cushion (inferior/ caudal) was smaller (see Figure 4K -P).
Reconstructed three-dimensional (3D) images of septum secundum and primum demonstrated increased size of the foramen ovale in flox/flox/Cre heart ( Figure 4K-M) . In multiple embryos, the thickness of troponin-positive muscle layer from the atrial roof to the leading edge of the septum secundum was smaller in Nkx2-5-ablated embryos at a similar section plane, including venous valves and part of LV outflow tract ( Figure 4N vs. O) . Size of the foramen ovale (anteroposterior axis) calculated by the number of slides (5 mm thickness) was larger in Nkx2-5-ablated hearts ( Figure 4P) .
Expression of the cellular proliferation marker serine 10-phosphorylated histone H3 ( Figure 5A and B) and cell-death markers [TUNEL ( Figure 5C In summary, histological analyses demonstrate cardiac enlargement, thin ventricular wall, and abnormal septum morphology in Nkx2-5-ablated hearts. Rates of cell proliferation and death were not significantly changed in the absence of Nkx2-5.
Abnormal expression of transcripts and proteins
To understand the underlying mechanisms contributing to contraction and conduction abnormalities in Nkx2-5-ablated embryos, the expression of a series of known Nkx2-5 downstream transcripts, as well as several transcripts critical for calcium handling and sarcomere formation was examined. More than 70% reduction in transcripts of several ion channels necessary for electrical polarization of cardiomyocytes, including Na v 1.5-a subunit (Scn5a), Kcne1/ minK, and connexin 40, as well as 40% reduction of T-type Ca 2 channels (a1H, a1G) were demonstrated in Nkx2-5-ablated hearts 4 days after tamoxifen injection ( Figure 5E ). Expression of other Nkx2-5 downstream targets, including atrial natriuretic factor (ANF), brain natriuretic peptide, homeodomain only protein (HOP/HOD), and cardiac myosin light chain kinase (MLCK), was also decreased by 63 -90% in Nkx2-5 knockout embryos ( Figure 5E ). The transcriptional profile is similar to that with perinatal ablation of Nkx2-5. 23 In contrast, increased expression of bone morphophogenic protein 10 (BMP10; 2.6-fold), sarcolipin (3.8-fold), and hyperpolarization-activated cyclic-nucleotide-modulated channel 1(14.9-fold) was demonstrated to be consistent with that found in the previous study. 15 Na v 1.5 is the primary cardiac Na + channel, which regulates the rapid depolarization of contractile myocardium. Western blotting confirmed a marked reduction in channel pore-forming a-subunit, Na v 1.5(a), which may contribute to conduction and potential contraction defects in Nkx2-5-ablated embryos ( Figure 5F ). Cardiac MLCK is involved in sarcomere organization and regulation of cardiac contraction, 27, 30, 31 which is also reduced in Nkx2-5-ablated embryos ( Figure 5F ). ANF plays important roles in the maintenance of fluid and electrolyte balance as well as cardiovascular growth. 32, 33 Immunostaining demonstrates ANF expression at the inner layer (trabecular layer) of ventricles ( Figure 5G , arrow) and in the atria ( Figure 5G , arrowhead) in flox/flox heart, but it is only sparsely detected in flox/flox/Cre hearts.
Reduced AchE activity in ventricular trabeculae
The formation of ventricular conduction systems in Nkx2-5-ablated hearts was examined by AchE activity, which is observed predominantly in the ventricular trabeculae and inner layer of atria at E16.5 ( Figure 6A ). AchE activity is known to coincide with parts of the developing ventricular conduction system and probably controls conduction of electrical impulse during embryonic stages as demonstrated in rat and chick, which is different from autonomic nervous system innervation to the nodal tissues in postnatal hearts. 34 -36 AchE staining in ventricular trabeculae was slightly weaker in flox/ flox/Cre than flox/flox hearts under the same experimental conditions ( Figure 6A, Supplementary material online, Figure S2) . Also, the proximal portion of the ventricular conduction system located at the leading edge of the ventricular septum was smaller in Nkx2-5-ablated hearts estimated by the number of AchE-positive sections (1 section 'anterior' to the AchE-positive section to the end of the positive staining 'posterior', Figure 6A ). AchE-positive staining was observed at 180 mm thickness in flox/flox hearts and was 50 mm in flox/flox/Cre hearts ( Figure 6A) , which is significantly different (170 + 6 vs. 50 + 6 mm, respectively, n ¼ 3 each group, P , 0.05). Therefore, AchE-positive ventricular conduction system is morphologically changed after ablation of Nkx2-5, which may contribute to conduction defects.
Ca
21 handing and cell motion in Nkx2-5-ablated embryonic cardiomyocytes Cardiac conduction and contraction are closely coupled. Reduction of Na v 1.5(a) alone causes contraction defects as in human patients with SCN5A mutations. 37, 38 In addition, an 22% reduction of ryanodine receptor 2 (RyR2) and sarco-endoplasmic reticulum Ca 2+ ATPase 2a (SERCA2a) mRNA in Nkx2-5-ablated hearts was demonstrated ( Figure 5E ), which may affect Ca 2+ release and uptake for cardiac contraction/relaxation. Expression of mRNA for the inhibitor of SERCA2a, phospholamban, was not significantly changed; however, that of sarcolipine was increased 3.8-fold, which is not normally expressed in ventricles. 39, 40 Indeed, ventricular cardiomyocytes isolated from E15.5 flox/flox/ Cre embryos demonstrate reduced speed of contraction and relaxation accompanied by increased time for Ca 2+ release and decay without affecting Ca 2+ amplitude ( Figure 6B and C ). These results are similar to those obtained with sarcolipin-overexpressing cardiomyocytes. 41, 42 Sarcomere structure is less organized in Nkx2-5-ablated cardiomyocytes as revealed by thin sarcomeric bundles detected by phalloidin ( Figure 6D ). Phalloidin intensity was reduced by 51% in Nkx2-5 knockout cardiomyocytes ( Figure 6E) , suggesting that the loss of Nkx2-5 affects the formation or maintenance of sarcomere structure. A similar abnormal sarcomere structure was observed in cardiac MLCK knocked-down cardiomyocytes. 27 The expression of additional transcripts of sarcomeres is shown in Figure 5E .
Discussion
With respect to the pathogenesis of human congenital heart disease associated with NKX2-5 mutations, all the phenotypes demonstrated in human patients are also found in mice in which Nkx2-5 is ablated at mid-embryonic stage (E12.5), including cardiac anomalies, conduction, and contraction defects. Nkx2-5-ablated embryos die within 5 days after tamoxifen injection (E17.5) with heart failure. The pathogenesis underlying embryonic lethality with contraction and conduction defects in Nkx2-5 knockout embryos is likely attributed to altered expression of multiple Nkx2-5 downstream targets acting in combination. In fact, embryonic lethality was demonstrated with homozygous gene deletion of Scn5a encoding the cardiac sodium channel Na v 1.5 by E10.5, 43 and HOP/HOD between E10.5 and E12.5 with incomplete penetrance. 44, 45 Na v 1.5 is the primary cardiac Na + channel isoform, which regulates rapid depolarization of contractile myocardium. Recently, an additional non-electrogenic role for Na + channels in heart development was demonstrated in zebrafish.
46 Cardiac conduction abnormalities were demonstrated in hetero-or homozygous mice with ablation of connexin40, T-type Ca channels a1G, and cardiac sodium channel Na v 1.5. 43,47 -49 Ca 2+ handling defects accompanied by reduced contraction were demonstrated in sarcolipin-overexpressing mice. 42 The profile of transcripts is similar to that in previous studies, including mice with perinatal loss of Nkx2-5. 14, 15, 23, 50, 51 However, a faster and greater magnitude of reduction was demonstrated in embryos with Nkx2-5 ablation beginning at E12.5 than in the perinatal period, which partly explains rapid disease progression in Nkx2-5-ablated embryos beginning at E12.5. AchE-positive ventricular trabeculae, which likely represent components of the developing ventricular conduction system, are also morphologically changed after ablation of Nkx2-5. Therefore, reduction of transcripts expressed in the ventricular conduction system (e.g. connexin40) might be due to transcriptional downregulation as well as under-developed ventricular conduction systems in Nkx2-5-ablated hearts, as demonstrated previously. 18, 52, 53 Reduction of AchE expression could increase the levels of acetylcholine in the cardiomyocytes, which might also functionally affect the electrical propagation 34, 54, 55 in Nkx2-5-ablated hearts.
A reduction in growth of the septum secundum and an enlarged foramen ovale in both anterior-posterior and cranial-caudal axes were observed in Nkx2-5-ablated embryos. Rates of cell death or proliferation were not significantly changed in Nkx2-5-ablated hearts, suggesting that abnormal structural arrangements, such as folding of atrial myocardium, may play a role in this cardiac anomaly. Septum anomalies were demonstrated in connexin40 hetero-and homozygous knockout mice, 56 and the expression of connexin40 was reduced by 70% in Nkx2-5 knockout embryos. The mechanisms by which the loss of gap junction protein connexin40 resulted in a reduced propagation of action potential and ASD remain to be elucidated. Additional factors, including abnormal blood flow in the heart itself by contraction defects, 3 may also be involved in cardiac anomaly in Nkx2-5-ablated embryos. Septum secundum anomalies are observed in all embryos after ablation of Nkx2-5 beginning at E12.5 in this study, which is substantially higher than those seen with heterozygous germline deletion of Nkx2-5 gene (around 1 and 18%). 16 -19 One interpretation of these observations is that Nkx2-5 expression has dose-dependent effects on septum formation in mice. Higher penetrance of ASD in human patients with heterozygous NKX2-5 mutations ( 80%) 4 -7 could be specific for humans. Another explanation is that NKX2-5 mutations are not silent, and may be involved in NKX2-5-dependent transcriptional regulation in either a dominant inhibitory or a hypomorphic gain-of-function manner. 50 For instance, introduction of Nkx2-5 mutants in Xenopus embryos results in small hearts, no heart formation, or cardiac anomalies. 57, 58 Analysis of the knock-in mouse that harbours heterozygous point mutant allele of Nkx2-5 would be helpful for clarification. Cardiac anomalies were absent in MLC2v-Cre induced Nkx2-5 gene ablations, in which Nkx2-5 expression is eliminated in the ventricular cardiomyocytes starting around E8.0. 15 This suggests that deletion of Nkx2-5 in cell types other than committedventricular cardiomyocytes, such as cushion mesenchymal or epicardial-derived mesenchymal cells, may play a critical role in cardiac anomalies at least for ventricular septum abnormalities or thin ventricular wall. 59 -62 Neural-crest-derived mesenchymal cells contributing to septation of the outflow tracts are distributed to these regions in the earlier stage (E9.5-12.5). 63 Nkx2-5 ablation after E12.5 did not demonstrate apparent anomalies in the right and left outflow tracts. Ventricular hypertrabeculation was demonstrated in MLC2v-Creinduced Nkx2-5 gene ablation due to overexpression of BMP10, which is normally expressed transiently in the ventricular trabecular myocardium from E9.0 to E13.5. 15, 64 However, this was not found in E16.5 flox/flox/Cre embryos with tamoxifen injection at E12.5 in this study or in E9.5 germline deletion of Nkx2-5 embryos. 14 The discrepancy among these studies could be due to timing of Nkx2-5-ablation. When tamoxifen was injected at E10.5, Nkx2-5-ablation resulted in embryonic lethality by E14.5 with hypertrabeculation (Supplementary material online, Figure S1 ). In summary, we demonstrated that Nkx2-5 is necessary for murine survival after E12.5 by regulating the expression of critical genes for cardiac contraction, conduction, and morphogenesis. Global deletion of Nkx2-5 beginning from the mid-embryonic stage demonstrated a substantially different spectrum of cardiac abnormalities leading to embryonic death, which was not demonstrated in ventricular myocyte-specific Nkx2-5 gene targeting.
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